Abstract: A nanolayered polymer films fabrication approach creating Gradient Refractive INdex (GRIN) lenses with designer RI distribution profiles is reviewed. Fabricated GRIN examples are presented demonstrating unparalleled RI profile design freedom and scalable optic size.
Introduction: Nanolayered GRIN Optics Fabrication Process
A unique optics fabrication processed based on the creation of laminate optical blanks composed of polymer nanolayered films with a designer refractive index has enabled the fabrication of GRIN lenses with an unprecedented variety of GRIN profiles, index distribution magnitudes, geometries, and lens apertures [1, 2] . The technological basis for creating nanolayered polymer GRIN optics lies in the fabrication of polymer films with a tailored refractive index, Figure 1 . When two polymer materials are arranged in alternating layers whose period is at or less then the quarter wavelength of the light, the result material behaves as a single bulk material with a refractive index corresponding to volumetric weighted average of the constituent materials. Multilayer coextrusion is a continuous processing technique creating polymer films composed of tens to thousands of micrometer or nanometer thick layers. Utilizing a two-component coextrusion system, variation in the nanolayered film volumetric composition, and layer multiplying die elements; a catalogue of 50 micron films constructed of 4097 individual poly(methyl methacrylate) (PMMA) and poly(styrene-co-acrylonitrile) with 17 mol% acrylonitrile (SAN17) layers were coextruded for constructing GRIN optics. The volumetric contribution of PMMA to SAN17 was varied in 1% volumetric compositional steps, so their respective contributions were 100/0, 99/1, 98/2, 97/3 ... 0/100, which resulted in a 101 part number catalogue of polymer films exhibiting a 0.0008 difference bulk film refractive index. A fundamental strength of the polymeric nanolayered approach is the removal of refractive index profile shape restrictions since any value in between the constituent polymer absolute refractive index values can be used. Thus, constructing a refractive index gradient is accomplished by sequentially stacking nanolayered PMMA/SAN17 polymer films of varied refractive indices. The nanolayered polymer film stacks can be arranged so their refractive index profiles are linear, a second order polynomial shape, a third order polynomial shape, and so on. Typically stacks consist of between 75 to 300 individual nanolayered films. Once the desired refractive index distribution profile is stacked, a thermoforming consolidation process is completed at elevated temperatures and pressures to locks-in the desired axial GRIN profile. This consolidated GRIN stack is usually a 3 to 7 mm thick flat sheet that possess an axial refractive index distribution normal to the surface plane. Converting an axial GRIN sheet to a radial or spherical GRIN distribution is accomplished by a second thermoforming operation. Within this operation, an axial GRIN sheet is formed into a meniscus-like lens, or GRIN preform. This is done by molding in a concaveconvex mold pair. Spherical refractive index contours are created by maintaining the thickness of the curved GRIN preform equal to the difference in the convex and concave mold radii of curvature, as described in previous detail [1, 2] . Curved GRIN preforms can be further transformed into a variety of finished optics by additional diamond turning. Due to the formability of polymer materials, GRIN optics can be fabricated with a large range of geometric radii and diameters. These radii could be as sharp as 3 mm and approach nearly planar, infinite radius. GRIN optics with diameters ranging from 6 mm to 60 mm have been fabricated.
Nanolayered GRIN Demonstrators
Spherical GRIN lens for size and weight reduction [3] The flexibility of the polymeric nanolayering approach to GRIN lens fabrication allows for additional design freedom to improve performance over a similar f/# conventional homogenous plastic or glass optics. To demonstrate this advantage, a plano-convex nanolayered GRIN singlet was designed, fabricated, and characterized against a commercial glass optic while simultaneously reducing the optic size and weight. A plano-convex nanolayered GRIN lens was designed using custom designed ray-tracing software incorporated into ZEMAX (Zemax Development Corporation, Bellevue, WA) with a spherical refractive index distribution ranging from 1.53 to 1.57. The optical properties of the nanolayered GRIN lens were compared against a commercial bi-convex BK7 (Newport Optics Inc., part # KBX049) glass lens. The bi-convex BK7 glass lens was chosen to exhibit a similar f/# 2.2 to the f/# 2.4 plano-convex GRIN singlet when the optics were apertured down to 17 mm. In addition to GRIN eliminating one of the glass lens convex surfaces to achieve the target f/#, the lens weighed significantly less, approximately ¼ that of glass optic, even at normalizing the lenses for an identical optical aperture and removing weight contributions of lens material edge thickness. Simplifying the optic's geometry and reducing its weight can be realized only if the GRIN optic can exhibit performance similar to a homogenous lens. Monochromatic spot size and contrast were measured at 100 microns and 200 microns for the polymer GRIN and BK7 lenses, respectively. Aspheric Human eye lens [4] The human eye, constructed from a two element cornea and GRIN lens represents one of the most widely studied naturally occurring gradient refractive index optical systems. The human eye produces a nearly aberration-free image originating from the nearly 22,000 non-planar protein layers that constitute an approximately parabolic shaped optic refractive index gradient that decreases from n=1.42 (center) to n=1.37 (surface) [5] . Although the shape and GRIN distribution of the human eye lens has been extensively studied [6] traditional GRIN fabrication techniques are insufficiently controlled to reproduce its shape and/or magnitude. However, the design freedom from combining polymer nanolayered films with thermoforming offered a pathway capable of producing a bio-inspired synthetic GRIN human eye lens. An optical design, based on the refractive index distribution and geometry developed by Diaz [7] , of a human eye lens with an aspheric Δn=0.05 GRIN distribution was completed. Fabrication of the inspired polymeric human eye lens copy required fabrication of two aspheric, plano-convex lenses. Both the anterior and posterior lens followed Diaz's model for the refractive index distribution, however, a shift in the lens refractive index values by +0.12 was required due to the availability of polymers refractive index as compared to the water-biological protein layers of the human eye. The optical performance of the synthetic GRIN optics were measured and compared against a simulated transmission wave front of a PMMA optic and exhibited less wave front error thereby demonstrating the feasibility of GRIN potential in IOL-type applications. GRIN Ball lenses [2] Spherical or ball lenses have been a source of optical designs for hundreds of years. Full sphere lenses are attractive due to their low f/# and potential for wide field of views. Optical ball lens designs from Maxwell and Rudolf Luneburg proposed incorporating large gradient refractive index distributions with a core refractive index of 2.0 reducing radially to 1.0 refractive index at its lens surface, to reduce or eliminate aberrations. Though some ball lenses applications exist, many GRIN ball lens solutions have remained elusive in optics systems due to the GRIN material or fabrication limitations. Limitations of the current GRIN technologies arise from the depth of gradient, magnitude of gradient refractive index change (Δn), and refractive index distribution control. The design flexibility of the novel nanolayered polymer GRIN technology was utilized to demonstrate a basic capability to fabricate GRIN ball lens with arbitrary refractive index profiles and up to a 12 mm diameter. A path to fabricating a ball GRIN lens was derived through a creation of a series of spherical nesting shells which could be adhered together into the ball optic. A small SAN17 half ball was adhered inside three nesting GRIN shells of different geometric radii, labeled GRIN shell 1, GRIN shell 2 and GRIN shell 3. The three nesting GRIN shells were fabricated with the full available refractive index range of the nanolayered optical PMMA/SAN17 films, which spanned 1.49 to 1.57. This refractive index distribution, Δn of 0.08, was divided equally throughout the three shells.
The three nesting GRIN shells and half ball were compressed into a hemispherical GRIN lens with a diameter of 12mm.
Radial half ball focal lengths of the GRIN lens were compared against a hemispherical homogenous PMMA control lens and simulated performance of a homogenous SAN17 lens. A lens hemispherical geometry was utilized for focal length measurements to ensure that optic focal length was outside the lens surface enabling characterization through conventional optical metrology techniques. As expected, the change in focal length as a function of optical aperture of the half ball GRIN lens was significantly less than an identically shaped homogenous PMMA or SAN17 lens. This result confirmed the added power of the GRIN to correct for spherical aberration in a hemispherical optic construction as the radially dependent optic focal length (ΔFL/Δr) value of GRIN lens is much smaller than those of both PMMA and SAN17 homogenous lenses. A final step to create a full spherical GRIN ball lens was accomplished by adhering the two hemispherical GRIN lenses. The nanolayering polymer materials system was utilized to demonstrate a production path toward fabrication of spherical GRIN ball lenses with up to a Δn=0.08. Beyond this accomplishment, the nanolayering fabrication technology allows for almost any shape refractive index distribution to be created in future designs.
Inspired by the structure of biological optics, the nanolayered polymer film approach to designing and fabricating GRIN lenses with arbitrary refractive index distribution profiles and independently prescribed lens surface geometries has enabled the design and fabrication of a whole new class of gradient index optics. First generation nanolayered polymer GRIN lens were fabricated to demonstrate the unique ability to construct optics previously rendered un-buildable due to a combination of materials and/or fabrication restrictions which include: optic size, lens surface curvature, and/or magnitude and curvature of the internal gradient refractive index profile. 
